Neisseria catarrhalis produces arylamidase intracellularly and is one of the gramnegative bacteria producing exceptionally large amounts of this enzyme.In general, gram-positive bacteria do not produce this enzyme. Arylamidase from N. catarrhalis was purified by salt fractionation, chromatography, and density gradient ultracentrifugation. Its sedimentation coefficient was 6.6; L-alanine-g-naphthylamide (fNA) was the most rapidly hydrolyzed amino acid-(NA. The enzyme had pKe values of 6.1 and 8.7 and pKes values of 7.1 and 7.9; only those amino acid-INA compounds of the L configuration were susceptible to hydrolysis. Arylamidase catalyzed stepwise hydrolysis of dipeptide-gNA, beginning with the N-terminal residue. Substrates having amino acid residues with larger R groups, such as leucine, interacted much more effectively with enzyme. The significance of the predominate occurrence of arylamidase activity in gram-negative bacteria and the role of this enzyme in the physiology of these organisms remain unclear. It has been established, however, that arylamidase is distinct from leucine aminopeptidase.
intracellularly in large amounts in certain gramnegative bacteria; of these bacteria, Neisseria catarrhalis contains the highest level of this enzyme per milligram of protein. Although this enzyme occurs chiefly in gram-negative, rather than in gram-positive, bacteria, the coccus Sarcina lutea is an exception to this general pattern (2) . In S. lutea, arylamidase activity occurs as several isozymes rather than as a single enzyme, as is the case with N. catarrhalis.
Earlier reports from this laboratory have been concerned with the finding that arylamidase from N. catarrhalis is not leucine aminopeptidase, as it was earlier thought to be, since arylamidase catalyzed the hydrolysis of leucine-,B-naphthylamide (3, 4) . In another report from our laboratory, arylamidase from other species of Neisseria was shown to be immunologically related to, but not identical with, the N. catarrhalis enzyme (9) .
Westley et al. have proposed the utilization of arylamidase substrate specificity patterns as a means of classifying bacteria (16) . Matheson and Tsai (12, 15) have studied the subcellular localization of arylamidase in Escherichia coli. The occurrence of this enzyme in yeasts has also been reported by Tjeder (14) . The significance of the predominance of arylamidase activity in gram-negative bacteria is not clear and the biological function of arylamidase is not well understood. This report is concerned with studies on the mode of action of this enzyme and is part of an investigation concerned with the role of arylamidase in the physiology of N. catarrhalis.
MATERIALS AND METHODS Organism. N. catarrhalis cells were grown and harvested as previously described by Behal and Folds (2) . (This bacterium was isolated from the nasopharynx of a patient at the Medical College of Georgia and was designated MCG-H-2.)
Substrates. Amino acid-,BNA, the amino acid-pnitroanilides (amino acid-pNA), the dipeptide-,Bnaphthylamides, and the dipeptides used in this study were Aminopeptidase assay. Aminopeptidase assay was carried out as follows. Enzyme samples were incubated at 37 C with 2.0 ,moles of dipeptide, 100 ,umoles of phosphate buffer (pH 8.5, unless specified otherwise), and up to 2.0 ,umoles of divalent metal ion (Mn2+, unless specified otherwise) in a total incubation volume of 1.01 ml. Samples (0.25 ml) were withdrawn at successive 5-to 10-min intervals, and were assayed by the method of Fleisher et al. (8) to determine the extent of dipeptide hydrolysis and to measure directly the initial reaction velocity. A unit of aminopeptidase activity is defined in the same way as the unit of arylamidase activity.
Polyacrylamide gel electrophoresis. The alternate method described by Davis (5) (13) . RESULTS
Enzyme purification. In step 1, a 100-g batch of cells was washed in 0.01 M phosphate buffer, (pH 7.3) . The cells were then subjected to sonic treatment at 4 C in a Branson S-125 Sonifier for 30 mi. The resulting cell-free extract was clarified by centrifugation at 27,000 X g for 1 hr. The extract was carefully adjusted to pH 5.5 by slow addition of 0.1 N HCI and then was stirred for 2 hr at 4 C. The resulting precipitate was sedimented and discarded, and the pH of the supernatant fluid was adjusted to 6.8. Solid (NH4)2SO4 was added to bring the concentration to 40% saturation. After constant stirring at 4 C for 12 to 16 hr, a precipitate was sedimented. The resulting supernatant fluid was then brought to 90% saturation. Arylamidase activity precipitated at this salt concentration. After centrifugation, the enzyme was suspended in a small volume of 0.005 M phosphate buffer (pH 8.6) and was dialyzed against a similar phosphate volume of 0.005 M phosphate buffer (pH 8.6) and was dialyzed against a similar phosphate buffer in preparation for gel filtration. These procedures removed certain colored material that otherwise appeared in preparations in the subsequent steps.
In step 2, the enzyme preparation from step 1, containing 1,862 mg of protein, was applied to a 2.5 by 10 cm reverse flow column (Pharmacia K 25/100) packed with 40 g of G-200 Sephadex gel equilibrated at 4 C in 0.005 M phosphate buffer (pH 8.6) and 0.1 M NaCl. The flow rate was 0.5 to 1.0 ml/min. Resulting 5.0-ml fractions containing arylamidase activity were pooled and rechromatographed. Active fractions from the second gel filtration procedure were again pooled, concentrated by direct pressure dialysis, and dialyzed against 0.005 M phosphate buffer (pH 8.6) to remove NaCl and to prepare the sample for ion exchange chromatography in the next step. Results of the gel filtration step are shown in Fig. 1A .
In step 3, the pooled fractions containing 487 mg of protein from the previous step were applied to a diethylaminoethyl (DEAE) cellulose ion exchange column (2.7 by 50 cm) packed with 30 g of exchanger (0.9 meq/g) which had been previously equilibrated with 0.005 M phosphate buffer (pH 8.6). The column was eluted with 1,000 ml of a phosphate buffer-sodium chloride gradient system. Initial sodium chloride molarity, phosphate molarity, and pH were 0.0, 0.005, and 8.6, respectively; the respective limiting values were 0.40, 0.010, and 4.5. The column was eluted at 4 C at a flow rate of 1.0 ml/min. The arylamidase activity eluted as shown on Fig. 1B amidase activity were pooled, concentrated, and dialyzed as above. The concentrate was then centrifuged in a 5 to 20% sucrose gradient, from which 0.25-ml fractions were collected. Concentration and dialysis were repeated.
Several proteins sedimented more rapidly than arylamidase with the 5 to 15% gradient; recentrifugation of the pooled active fractions with the 5 to 20% gradient indicated that the remaining proteins had similar molecular weights ( Fig. 2A, B ). An overall 569-fold purification with a yield of 24% resulted. These data for the purification steps are summarized in Table 1 . The progressive purification by the above methods was monitored by polyacrylamide gel electrophoresis. The protein band corresponding to arylamidase was identified by comparison of duplicate gels, one stained for enzyme activity and the other stained for protein (Fig. 3) .
Ultracentrifugal sedimentation. In sedimentation velocity studies of the enzyme from step 5, a single peak was seen on the Schlieren pattern; the sedimentation coefficient was 6.6 (Fig. 4) . Acrylamide gel electrophoresis of the same preparation (Fig. 3, gel (6) . Results in Fig. 5A Table 4 ). The rate of appearance of ANA was not linear; the initial rate was low and increased with time to approach that of L-alanine-,BNA hydrolysis (Fig.  7A ). Samples of a reaction mixture containing this substrate, taken at various times during the course of the reaction, were chromatographed to study the reaction products. The paper chromatograms of the samples showed that only alanine and ,BNA appeared as products. Even the earliest sample (taken at 5 min) showed no trace of dipeptide. Alanine, alanyl-alanine, and ,BNA had RF values distinctly different from each other and from either alanine-,3NA or alanyl-alanine-,BNA (Fig. 8) .
Reaction mixtures containing L-alanyl-D-alanine-3NA were similarly studied; even after 16 hr of incubation, only alanine, alanine-,5NA, and a small amount of dipeptide-3NA were demonstrable in the incubation mixture. No free ,3NA appeared (see Fig. 7A and Fig. 8 ).
The remaining two dipeptide-,NA isomers yielded no hydrolytic products, even after prolonged incubation.
Action of arylamidase on dipeptides. four optical isomers of alanyl-alanine, only L-alanyl-L-alanine was susceptible to arylamidasecatalyzed hydrolysis (see Table 4 and Fig. 7B ).
DIscussioN
The role of arylamidase in microbial physiology and the significance of its predominant occurrence in certain gram-negative bacteria has been of continuing interest to a number of investigators. In our laboratory, an intensive study of this bacterial enzyme is being carried out to elucidate its physiological function. The first part of our study has been focused on the properties and mechanism of action of arylamidase from N. catarrhalis. For these purposes, a high yield purification method was necessary. The procedure summarized on Table 1 values. The interpretation of this type of data has been discussed by Dixon (6) . The results in Fig. 5 indicated that, over the range of hydrogen ion concentrations studied, irreversible denaturation of enzyme did not occur; variation of substrate concentration did not alter the optimal pH value. Therefore, we consider the inflections shown in Fig. 6 to be the result of ionizations of the reactants; pKe values of 6. To investigate the mechanism of action and the stereospecificity of arylamidase, the rates of arylamidase-catalyzed hydrolysis of all of the optical isomers of alanine-3NA, alanyl-alanine-,BNA, and alanyl-alanine were determined. In the case of alanine-3NA, the results clearly indicated the absolute requirement for the L configuration. The next question was whether this bacterial arylamidase acted upon alanylalanine-fNA to yield (i) alanyl-alanine and ,BNA or (ii) alanine and alanine-fNA as initial hydrolytic products. D-Alanyl-D-alanine-fNA and D-alanyl-L-alanine-fNA were not hydrolyzed; L-alanyl-D-alanine-JNA yielded L-alanine and D-alanine-fNA as the only reaction products, even after prolonged incubation. These results demonstrated that for hydrolysis of the N-terminal amino acid residue, the residue must be of the L configuration, whereas the penultimate residue may be either D or L. The results also suggested that the enzyme acted sequentially to cleave residues of amino acids, beginning with the N-terminal residue, rather than to release dipeptide from (3NA as the initial step. This mechanism was confirmed in studies of the hydrolysis of L-alanyl-L-alanine-JNA. If the Nterminal alanine residue were hydrolyzed first, a lag in the appearance of jNA would be expected and no free alanyl-alanine should be detected, even early in the course of the reaction. The data for the hydrolysis of L-alanyl-L-alanine-fNA substantiated this hypothesis (see Fig. 7 and 8 ).
Although L-alanyl-L-alanine was hydrolyzed, L-alanyl-D-alanine was not hydrolyzed; this may be the result of steric hindrance of the ionized carboxyl group of the latter. That the hindrance is an ionic effect rather than simply spatial is indicated by the fact that the N-terminal residue of L-alanyl-D-alanine-3NA is hydrolyzed, even though the penultimate residue is of the D configuration.
The action of arylamidase may be summarized as follows:
L-alanyl-L-alanine-f3NA Although it is now established that this bacterial arylamidase is distinct from classical leucine aminopeptidase, its role in the physiology of N. catarrhalis remains unclear. Previous reports from our laboratory have described the competitive inhibition of this enzyme by puromycin (3). Arylamidase did not have dipeptyl arylamidase activity as described by Ellis and Nuenke (7) . Other preliminary experiments in our laboratory indicated that this arylamidase has no penicillin amidase activity.
